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SUBJECT: Meteoroid Hazard f o r  P lane ta ry  
Missions - Case 103-2 

FROM: J. S. Dohnanyi 

ABSTRACT 

A model meteoroid environment f o r  a Mars f l y b y  mission 

i s  i d e n t i f i e d  and t h e  main c o n s i d e r a t i o n s  under ly ing  the model 

d i scussed .  The cometary meteoroid environment a t  2 AU from t h e  

sun i s  found t o  be similar t o  the one near  Earth;  e x t r a p o l a t i o n  

from catalogued a s t e r o i d s  imp l i e s  a f l u x  that  may be 4 or 5 

o r d e r s  of magnitude h ighe r  i n  the  a s t e r o i d  b e l t .  Model impact 

v e l o c i t i e s  f o r  bo th  k inds  of p a r t i c l e s  a r e  es t imated  and t h e  

r e s u l t i n g  p e n e t r a t i o n  environment i n d i c a t e d .  P l a u s i b l e  ways 

t o  measure d i r e c t l y  th.e environment f r o m  space pyobes a r e  d i s -  

cussed.  An Explorer- type s a t e l l i t e  i s  found t o  be u s e f u l  i n  

d e f i n i n g  t h e  environment t o  a much h ighe r  l e v e l  of confidence 

than i s  now p o s s i b l e .  
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1. INTRODUCTION 

During a manned Mars f l y b y  miss ion  t h e  meteoroid environ-  
ment i s  ex  ec t ed  to d i f f e r  from e x i s t i n g  models (based on near -  
Earth data7 for two r easons :  (1) cometary meteoroids  may not  have 
the same f l u x  a t  a d i s t a n c e  of 2 AU from t h e  sun as near  Earth;  
( 2 )  a s t e r o i d a l  d e b r i s  may i n c r e a s e  th.e meteoroid f l u x  cons iderably  
a t  d i s t a n c e s  from the sun l a r g e r  than 2 AU. T h i s  paper i s  a d i s -  
cuss ion  of t h e s e  two sources  of hazards;  a p l a u s i b l e  way to 
reduce  e x i s t i n g  u n c e r t a i n t i e s  by d i r e c t  s a t e l l i t e  measurements 
i s  i n d i c a t e d .  

It i s  found that  t h e  near -Ear th  cometary meteoroid 
environment i s  similar to t h e  one a t  about 2 AU from the sun, t o  
a f i r s t  approximation. A model environment for the  a s t e r o i d a l  
b e l t  i s  de f ined .  A s  a means of  checking the environment, a n  
Explorer- type miss ion  i s  found to provide  a u s e f u l  “first  c u t .  11  

2. SIGNIFICANT FLUX 

T h i s  i s  the f l u x  a g a i n s t  which a s p a c e c r a f t  must be 
des igned  i n  order  to meet a g iven  miss ion  success  p r o b a b i l i t y .  
The meteoroid g i v i n g  r i s e  t o  the  s i g n i f i c a n t  f l u x  i s  the des ign  
p a r t i c l e . *  

For a s p a c e c r a f t  su r f ace  a r e a  of 140 meter2, miss ion  
7 d u r a t i o n  of 5.88 x 10 

p e r c e n t ,  the s i g n i f i c a n t  f l u x  i s  

(2.1) N ( m )  = 1.22 x 10 meters  see-’ 

seconds (680 d a y s )  and r e l i a b i l i t y  of 99 

-12 -2 

where N ( m )  i s  t h e  cumulative f l u x  of p a r t i c l e s  having a given 
mass ( i n  Kg) or l a r g e r .  

w 
Since  the p a r t i c l e  f l u x  i s  i n v e r s e l y  p r o p o r t i o n a l  to some 

power of t h e  p a r t i c l e  mass, s a t i s f a c t o r y  p r o t e c t i o n  a g a i n s t  t he  
d e s i g n  p a r t i c l e  w i l l  s u r e l y  be adequate  a g a i n s t  the  more numerous 
s m a l l e r  p a r t i c l e s .  

~ v ~ ~ ~ ; ~ , ’ , ~  T-, * p i  n n $?b:$ Z F J  ,’ 0 i i .””-d-*& L.LIILL13 Only, 
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Within t h e  a s t e r o i d  b e l t ,  as w i l l  be d iscussed  l a t e r ,  
a more severe  environment ( i , e . ,  t h e  des ign  p a r t i c l e  has  a l a r g e r  
mass) i s  expected. The l eng th  of t ime spent  i n  t h i s  zone i s  about 
2.07 x 10 see (240 d a y s ) .  A t  99 pe rcen t  r e l i a b i l i t y ,  t h e  
s i g n i f i c a n t  f l u x  i n  t h e  a s t e r o i d  b e l t  for t h e  same s p a c e c r a f t  
becomes 

N ( m )  = 3.45 x meters-2 see-' 

where t h e  same n o t a t i o n  h a s  been used. 

3. COMETARY METEOROIDS 

I n  t h i s  s e c t i o n  t h e  des ign  mass of cometary meteoroids  
i s  d i scussed .  These p a r t i c l e s  a r e  be l i eved  t o  o r i g i n a t e  from 
comets, a r e  members of t h e  solar system and t h e i r  o r b i t s  a r e  
randomly d i s t r i b u t e d .  

Th.e s i g n i f i c a n t  f l u x  for t h e  whole mission,  Eq. 2.1, 
corresponds t o  photographic meteors ( n e a r  E a r t h )  and i s  be l ieved  
t o  be due e n t i r e l y  t o  cometary meteoroids  ( Jacchia  e t  a l ,  1965). 
The f l u x  v s  mass r e l a t i o n  f o r  t h e s e  meteors* i s  (Dohnanyi, 1966)** 

(3.1) -18 -1 N ( m )  = 8 x 1 0  m , 
where N ( m )  i s  t h e  cumulative f l u x  of p a r t i c l e s  e n t e r i n g  t h e  E a r t h ' s  
atmosphere ( p e r  square meters pe r  s e e )  having a mass of m ( K g )  o r  
l a r g e r .  

I n  order  t o  e s t ima te  t h e  spat ia l  v a r i a t i o n ,  i f  any, of 
t h e  cometary meteoroid f l u x ,  we cons ider  F ig .  1 which i s  t h e  
d i s t r i b u t i o n  of photographic meteors i n  semi-major ax is ,  a ( i n  A U ) ,  
and e c c e n t r i c i t y ,  e ,  as given by McCrosky and Posen (1961).  
C i r c l e s  a r e  p r o p o r t i o n a l  t o  t h e  number of meteors i n  a g iven  
range  of a and e.  The continuous curves  a r e  t h e  va lues  of a and 
e for which t h e  p e r i h e l i a  q and a p h e l i a  q 1  have a va lue  equal  t o  
t h e  o r b i t a l  r a d i u s  of  t h e  p l a n e t s  i n d i c a t e d ;  t h e  c i r c u l a r  o r b i t  

i n s i d e  t h e  a s t e r o i d a l  b e l t  i s  inc luded .  Since p o i n t s  on t h i s  
p l o t  f a l l i n g  o u t s i d e  a given double t  of curves  (for a given p l a n e t )  
correspond t o  o r b i t s  wi th  p e r i h e l i a  t o o  s h o r t  o r  a p h e l i a  t o o  long 
to i n t e r s e c t  t h e  g iven  p l a n e t ' s  o r b i t ,  t h e  doublet  d e f i n e s  an  
e f f e c t i v e  window" for t h e  p l a n e t .  P a r t i c l e s  w i t h  a and e va lues  
outside t h i s  "window" d o  not i n t e r s e c t  t h e  p l a n e t ' s  o r b i t  and 
hence a r e  never seen" by i t .  

a t  2.8 AU from t h e  sun corresponding t o  t h e  11  missing p l a n e t "  

l l  

I I  

* 
Reduced by McCrosky and Posen (1961). 

See Fig.  3, f o r  a p l o t .  
** 
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It can be seen,  from t h e  f i g u r e ,  t h a t  almost a l l  meteoys 
The apparent  seen by E a r t h  a r e  a l s o  seen by Mars, and v i c e  ve r sa .  

i n c r e a s e  i n  t h e  number of me teo r s  i n  t h e  r eg ion  overlapping the  
I f  window" of t h e  Earth and t h a t  of Bode's ' 'missing p l a n e t "  may be 
spu r ious ;  they  correspond to fast  meteors which a r e  more e a s i l y  
d e t e c t e d  photographica l ly  than  a r e  s low ones. 

One may t h e r e f o r e  conclude t h a t  t h e  cometary meteoroid 
environment near  Mars i s  similar to t h e  one near  E a r t h  and i s  
g iven  by Eq.  3-1, i n  a f i r s t  approximation. The des ign  p a r t i c l e  
t h e n  has a mass of 7 x Kg. 

The average E a r t h  en t ry  v e l o c i t y  of photographic meteors 
i s  20 Km/sec (Dohnanyi, 1966) a value which inc ludes  t h e  a c c e l e r a -  
t i o n  due to t h e  E a r t h ' s  g r a v i t y .  When t h e  l a t t e r  i s  sub t r ac t ed  
ou t ,  an average v e l o c i t y  of 17 Km/sec r e l a t i v e  to t h e  Ea r th  i s  
obta ined .  The spat ia l  v a r i a t i o n  of t h i s  number r e q u i r e s  f u r t h e r  
s tudy .  

4.  ASTEROIDAL METEORS 

A.  Near -Earth Environment 

I n  t h i s  s e c t i o n ,  the  d i s t r i b u t i o n  of near-Earth a s t e r -  
o i d a l  deb r i s  5 s  discussed .  While p r a c t i c a l l y  a l l  meteors ( n e a r  
Ea r th )  wi th  a mass of  t h e  order  of 
a r e  be l i eved  to be cometary, l a r g e  m e t e o r i t e s  which surv ive  e n t r y  
i n t o  t h e  E a r t h ' s  atmosphere a r e  g e n e r a l l y  be l ieved  to be a s t e r o i d a l  
f ragments .  

Kg (1 gram) or smal le r  

Hawkins (1963) has es t imated  t h e  near-Earth cumulative 
f l u x  of s t o n e a n d  i r o n  me teo r i t e s .  H i s  y e s u l t  is* 

( 4 - A - 1 )  s t ones :  log N = -17.22 - l o g  m 

i r o n s :  log N :  -19.10 - .7 l o g  m 

where MKS u n i t s  a r e  used throughout.  

4.  B. Deep Space Astero ida l  Meteoroids 

I n  t h i s  s e c t i o n ,  the meteoroid enviranment i n  t h e  a s t e r -  
o i d a l  b e l t  i s  d iscussed .  

I n  the absence of d i r e c t  in format ion ,  e x t r a p o l a t i o n  
f r o m  the d i s t r i b u t i o n  of t e l e s c o p i c a l l y  observed a s t e r o i d s  i s  
n e c e s s a r y ,  T h i s  means a n  e x t r a p o l a t i o n  of over 15 orde r s  of 

*- ~-~ 

For a p l o t ,  s ee  F ig .  3. 
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magnitude i n  mass, with correspondingly l a r g e r  u n c e r t a i n t i e s  i n  
t h e  r e s u l t s .  To convert  mass d i s t r i b u t i o n s  i n t o  f l u x  d i s t r i b u -  
t i o n s ,  however, t h e  average p a r t i c l e  v e l o c i t y  r e l a t i v e  to t h e  
s p a c e c r a f t  must be def ined .  

A l l  ca ta logued a s t e r o i d s  have, w i t h  few excep t ions ,  
o r b i t s  ydithin t h e  asteroidal b e l t  ( 2  to 3.5 AU from the  sun)  
W i t h  average i n c l i n a t i o n  ( t o  tne e c l i p t i c )  of 10" and mean 
e c c e n t r i c i t y  of about .15. These d i s t r i b u t i o n s  are sha rp ly  
peaked" and one can, t h e r e f o r e ,  d e f i n e  a p a r t i c l e  r e l a t i v e  

v e l o c i t y  Vrel ( w i t h  r e s p e c t  t o  the  s p a c e c r a f t ) .  
c r a f t  o r b i t  with a semi-major axis ot' 1.5 U T ,  O n e  f u l d s ,  

If 

For a space- 

(4-B-1) T J , ~ , ~ ~  = 6 k 3 Km/sec. 

Combining t h i s  w i t h  the number d i s t r i b u t i o n  of aster-  
o i d s  (Kuiper e t  a l ,  1958), one f i n d s *  

(4-B-2) 1.6 x 1 0  -18 m - * 6 3  < N ( m )  < 4.2 x m - l  

where N ( m )  i s  the  cumulative mass f l u x ,  i n  MKS u n i t s ,  r e l a t i v e  
t o  our s p a c e c r a f t  i n  t h e  a s t e r o i d a l  b e l t .  

This  g i v e s ,  f o r  t he  des ign  mass, md,  

(4-B-3) 6 x Kg c md < .12 Kg .  

NAA employs a model flux** of a s t e r o i d a l  meteoroids ,  
based upon r e f e r e n c e  8 

-14 -1 (4-B-4)  N ( m )  = 2.5 x 10 m r - > 2 .1  AU 

r +c 2 .1  AU = o  
where r i s  t h e  d i s t a n c e  from t h e  sun. Because of convenience, 
t h i s  model w i l l  be used f o r  the  purpose of c a l c u l a t i n g  th.e 
nominal des ign  f l u x .  

5. PENETRATION CRITERIA 

T h i s  s e c t i o n  i s  a d i s c u s s i o n  of s p a c e c r a f t  p r o t e c t i v e  
s h i e l d  t h i c k n e s s e s  r equ i r ed  f o r  t he  mission.  I n  t h e  p r e s e n t  
r ange  of impact v e l o c i t i e s ,  6 Km/sec t o  17 Km/sec, t h e  Ames 
(Summers, 1959) p e n e t r a t i o n  c r i t e r i a  a r e  adequate .  Accordingly, t h e  - 

See Fig .  3, for a p l o t .  

See F ig .  3, f o r  a p l o t .  
** 
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th . icknesses  of equ iva len t  aluminum pene t r a t ed  by t h e  des ign  
p a r t i c l e  (of each k i n d )  are summarized" i n  Table 5-1. 

pene t r a t ed  by the des ign  p a r t i c l e  for 
v a r i o u s  bumper conf igu ra t ions  

Bumper 
Ef fec t iveness  C0metar.y As te ro ida l  

S i n g l e  sheet 7 10-3 1.1 10-3 --+ .14 

x2 3.5 x 10-3 5.5 10-4 - 7 x lo-2 

x5 
X l O  

x20 

For Cometary p a r t i c l e s ,  a n  e f f e c t i v e n e s s  of x20 can probably 
be achieved.** For a s t e r o i d a l  p a r t i c l e s  x5 i s  be l ieved  
a p p r o p r i a t e .  Bumpers for. low v e l o c i t y  p r o j e c t i l e s  a r e ,  of 
course,  s u b j e c t  to empir ica l  t e s t .  

6. DEEP SPACE METEOROID SATELLITE 

T h i s  s e c t i o n  i s  a d i s c u s s i o n  of t h e  type  of  d i r e c t  
measurements needed t o  e s t a b l i s h  t h e  a s t e r o i d a l  meteoroid environ-  
ment with r easonab le  confidence.  

The NAA model f l u x  Eq. 4-B-4 w i l l  be used as a s tandard  
for r e f e r e n c e  and w i t h  reasonable  assumptions,*** the p e n e t r a t i o n  
environment can be de f ined .  This  i s  p l o t t e d  i n  Fig.  2. The  
shaded a r e a  i s  t h e  u n c e r t a i n t y  determined f'rom Eq. 4-B-2. Come- 
t a r y  f l u x e s  a r e  inc luded  for r e f e r e n c e .  The dashed h o r i z o n t a l  

-Average pe rpend icu la r  impact v e l o c i t y  i s  taken  as 1/2 times 
t h e  v e l o c i t y ;  t he  d e n s i t y  of cometary and a s t e r o i d a l  meteoroids  

" s p a l l a t i o n  f a c t o r "  of 1.8 i s  assumed (Orrok, 1964).  
i s  t aken  t o  be 10 3 Kg/m 3 and 3.5 x 10 3 Kg/m 3 , r e s p e c t i v e l y .  A 

** 
*** G .  T. Orrok, p r i v a t e  communication. 

3 3 A p a r t i c l e  d e n s i t y  of 3.5 x 10 Kg/m , veioc:ity of 6 Km/sec 
and t h e  Ames p e n e t r a t i o n  c r i t e r i a  wi th  a spa11 f a c t o r  of 1.8 have 
been  employed. 
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l i n e  i s  t h e  s i g n i f i c a n t  f l u x  i n  the a s t e r o i d a l  b e l t .  S o l i d  
h o r i z o n t a l  l i n e s  a r e  s a t e l l i t e  exposures ,  as i n d i c a t e d .  Arrows 
de f ine  t h e  number of punctures  a g iven  s a t e l l i t e  exposure will 
c o l l e c t  a t  50 percent  confidence dur ing  a mission d u r a t i o n  of 
2.07 x lo7 sec  (240 d a y s )  a t  the i n d i c a t e d  sensor  th i cknesses .  
Areas of 2.4 m and 200 m have been used for Explorer  and 
Pegasus-type miss ions  , r e s p e c t i v e l y .  

2 2 

The 100 count p o i n t s  are i n t e r e s t i n g  because i n  t h e  
event  t h e  a s t e r o i d a l  f l u x  i s  lower t h a n  t h e  cometary, the  
s a t e l l i t e s  w i l l  count about one cometary p a r t i c l e  p e n e t r a t i o n  
a t  t h e  r e s p e c t i v e  s i n g l e  shee t  t h i c k n e s s e s .  Even more s i g n i f i -  
can t  are t h e  p o i n t s  for which t h e  nominal expected number of 
coun t s  i s  1250; f o r  t h e s e  p o i n t s  one expec t s  about  10  punctures  
by cometary p a r t i c l e s .  These p o i n t s  correspond to t h i c k n e s s e s  
of 2.5 x meters and 1 .3  x meters of A 1  equ iva len t  for 
Explorer  and Pegasus s a t e l l i t e s ,  r e s p e c t i v e l y .  For t h e s e  t h i c k -  
nes ses ,  one i s  "assured"  of a b o u t  10  counts  i f  the  a s t e r o i d a l  
environment t u r n s  out  t o  be l e s s  "severe" than  the cometary one. 
S ince ,  however, t h e s e  p o i n t s  correspond to f l u x  l e v e l s  7 and 5 
o r d e r s  of magnitude ( i n  Explorer  and Pegasus miss ions ,  r e s p e c t i v e l y )  
h ighe r  t h a n  the S i g n i f i c a n t  f l u x  for t h e  manned mission,  informa- 
t i o n  obta ined  from them i s  not a s  r e l e v a n t  as would be d e s i r a b l e .  

A s  a u s e f u l  compromise, t he  100 count p o i n t s  may be 
-4.4 f lown i n  combination w i t h  s enso r s  s u f f i c i e n t l y  t h i n  10  

meters = 1.5 m i l s )  t o  measure v e r y  small p a r t i c l e  p e n e t r a t i o n s ,  
f o r  c a l i b r a t i o n .  A " f i r s t  cu t "  a t  the  environment may be 
obta ined  i n  t h i s  manner. 

I n  S e c t i o n  4-B of t h i s  paper ,  t h e  s t r o n g  d i r e c t i o n a l i t y  
of a s t e r o i d a l  p a r t i c l e s  has been i n d i c a t e d .  It there l 'o re  i s  
impor tan t  to i n c l u d e  a check on t h e  d i r e c t i o n a l i t y  of t h e  f l u x  
of a s t e r o i d a l  p a r t i c l e s  i n  a deep space experiment.  

7.  DISCUSSION AND CONCLUSION 

Summary c h a r t  F ig .  3 i s  a p l o t  of the  mete.0r;oi.d environ-  
ment d i scussed  i n  the paper .  The v a r i o u s  measured and es t imated  
f l u x e s  are i n d i c a t e d .  The u n c e r t a i n t y  i n  t h e  a s t e r o i d a l  meteoroid 
f l u x  when e x t r a p o l a t e d  thi;ough aboat. 15 o r d e r s  of magnitude i s  
e v i d e n t .  D e t a i l s  of  the f i g u r e  have been d iscussed  i n  the t e x t  
and w i l l  not  be r epea ted  here.  
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Due t o  t h e  l a r g e  u n c e r t a i n t y  i n  t h e  a s t e r o i d  b e l t  
environment, s a t e l l i t e  measurements a re  s o r e l y  needed. An 
Explorer- type s a t e l l i t e  could f u r n i s h  a u s e f u l  " f i r s t  c u t "  i n  
d e f i n i n g  the environment t o  a f i r s t  approximation. Such a 
" r e f i n e d "  model would then  be t h e  b a s i s  f o r  t h e  des ign  of 
more s o p h i s t i c a t e d  experiments to check out the environment 
a t  a s a t i s f a c t o r y  l e v e l  of confidence.  

1011 -JSD-Skc 
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